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Abstract

l’his paper discusses some rcccnlly published analysis of the rock distribution on Mars and its impac[ on
the scaling of planetary rovers for Mars surface cxploriiti(m. ‘1’hc inmgcs rc[urncd  by ttlc Viking landers
of the n~i(l-1970s showed the Martian surf:lcc to bc very rocky. (Rcnm[c sensing data has indicated that
lhc average rock dcasity over the surface of M,ars may hc much lCSS than this.) Mathcmalical  models for
the rock dislribu(ion  were proposed in the late 1970’s hascd on power laws. Rcccntly,  new analysis has
been published which iadica(cs (hat the numhcr of both mall and Iargc rocks was ovcrcstirnatcd in Ihc
previous model. These nmdcls provide (hc basis for lhc choice of scale of whcclc(l rovers; that is, the
models provide information which sets the rcquircmclik  mobility and hazard avoidmcc  syslcms  for the
mvcr at each mvcr scale. ‘l’his paper presents the data for (hc rock dish-ibutions at the two Viking landing
sites, presents models of mvcr tr:ivcrsability and navigation as a function of vehicle scale, and discusses
the impact on mvcr  hardware, scnsiug,  and coulrol (radcoffs.

introduction

Analysis of the rock frequency distribution at the Viking landing sites was cxtcusivcly rcportwt  by Moore
and others [1,2], and has been rcccntly revisited by Golombck  and Rapp [3]. Moore used a power law fit
to the data over the range from a fcw ccnlimctcrs  to about a mc(cr of rock diameter, although hc pointed
out that this model was valid only over a limikxt range, Golombcti and Rapp have formulakd  a different
law which scans to match the obscrwxl da(a over a wider range. lkorn these rcsrrl(s  wc can cxfract  ci[hcr
the fit to the Viking rock size clistribulions, or allcraativcly,  use the raw data for the fractiou  of the surface
covcrcd by rocks of average diarnctcr  D or greater a( cad site 10 analyze the mobility of altcmtivc
planclary mvcr ctcsigns.

I%mckary rovers have been coasidmxl  for several dccadcs,  and it is usually paramount in the mind of (I1c
cnginccring team to minimize (I1c overall ]nission cost, which is usually directly rdatcd to the mass of the
spacecraft. Micromvcrs (rovers under about 10Kg in ]nass) were lirsl proposed in 1987 [4] to address tbc
large cost of planetary exploration missions (which thcu assurncd tha[ rovers apprmching  1000 Kg would
bc scat to Mars). ‘l”hc impact of computation, power, and other syslcm issues on rover scaling has been
discussed in the literature [5]. Many alternative vchiclc scales have been considered over the years [6],
but generally in(craal syslcm issues have been considered in sclting the scale of the vcbicles.  ‘1’hc cffcc( of
scaling or) mobility has not bccil systcnm[ically  addrcsscxt,  although it has been generally assrrmcd that
Iargc vchiclcs will always have superior mobilily ad hamrd avoidance propcr(itx than smaller vehicles.

Onc of the kcy iigurcs of mcril in the design of planclxry roving vchiclcs  is the “mean frc.e path” of the
vchiclc in the terrain. This is the cxpcc(cd distance which the vchiclc  c:in traverse in a straight line before
it encounters a nou-traversable hazard. When cxprcsscd  in uni[s of the vchiclc scale (e.g. vchiclc turning
circle di,arnc(cr),  a large mean free path (e.g. >>1 ) means that the terrain is sparsely populated with
lwards  and that the lm,ard  avoidance algorithm car] bc very simple and still bc effcc[ivc, since hands
arc almost always cncountcrcd in isolal ion. When Ihc mean free path is small (e.g. <<1 ), tbcn the terrain
is cffcctivcly  nontravcrsahlc  for tbc vchiclc, since hamrds  will bc so CIOSC mgctbcr that even short
traversable passages will bc rare. If the mean free palh is moderate (e.g. -1 ) tbcn successful navigation
will require elaborate sensing of the terrain and a sophislicald navigation algorithm. Since claboralc
sensing and computing performance adds significantly to the cosl and complexity of planclary rovers,
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reducing the likclih(xut that such missions will bc fuadd  and successful, il is desirable to design rovers
which have as large an iatriasic  mean free path as possible for the cxpcdcd  terrain within mass and cost
constraints. Thus it is useful to consider the Viking lauding site data and to cmputc  the mean free path
for different vehicle scales aad cmfiguralions.

Computing the Mean lime  l’ath

We assume that the vchiclc is occupying terrain which is free from hazards, and moves forward a distance
x. Wc wish to compute x such that product  of the cxpcctwl  number of nontravcrsablc h:mmls  in the swept
area of the vehicle OUI to x is uuitfi  at this x the vchiclc has reached it’s mean free path. I Iamrds arc
assumed to bc distribatcd  randomly, unif(mnly,  and indcpcudcally, so the distribution of haiiards in any
area of terrain is a Poisson process with cxpcclcd vahrc propor[ioaal  to the area.

Shown in figure 1 is the situation wc arc considering.
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I:igurc 1. Rover making straight traverse in rock field.

I Icre a vehicle of length 1. and width W is sitting m the terrain, and prcp<wing  to lnmfc a distance x
ahead. As can bc seen from the figure, when the entire rcctmglc  of lcng(h x+(1Y2)  and width W+]) is
free from the ccutcrs of rocks of diameter 1), the vchiclc can move forward by x. Whcu tl~c cxpcctd value
of the area of this rcclanglc malt iplicd by the arcal ckmsit y of rock centers of dimnctcr 1) is unity, then x is
the Mean I:rcc  l’ail). “1’bus, for dl rocks  larger th:m Ilm limiting h:ward  size  1)(,, wc h:ivc

1)”

where p(D) is a probfibility clcnsity  which represents the number of rock centers pcr square meter f(x rocks
with diarnclcrs bdwccn  l) and l~+dl ), where  dl) is an infinitesimal diameter incrcmcat.  This can be
solved for x to yield

I – : J DP(DM) – + J D2p(D)(W
[),, [)0

x ,= —

w J P(I))(II) + J DP(I))(ID
IJU D o

lablc 1 gives the numerically generated mean free p:tths fur [i Sojouracr-like vchiclc using the observed
rock densities at Vikiug landing si(cs 1 and 2 as published in [3] (Sojourner is a rover launched to Mars in
l)CC 1996 as p,art of the lJ.S. Pathtiactcr mission). 1 km wc have cxprcsscd the mean free path not in
meters but in terms of the vehicle sGqlc, which wc take to bc the diameter of the vehicle turning circle

=F. The vehicles we consider can turn ia place, and arc thcrcforc limited by their hrgcs[
diagonal dimension. Wc have USC(I the estimate that the limiting rock height fbr Sojourner is equal to its
wheel diameter of 13 cm, which is 0.2 times 1. and 0.29 times W; rcfcrcucc [3] gives the average rock
height at VL1 m be about 3/8 of the rock diameter and the average rock height at VI.2 to bc about 1/2 the
rock diameter. l’hcsc values arc used to compute 1. and W for a rcscalcd Sojourner-like vehicle at each
limiting rock tliamctcr 1)() at VI,1  and VI .2,
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‘1’able 1: C(mIpu&l Mmn l~rec l’iitt]s l;or S{jomwr-like  Vchiclcs in VI.1 and VI.2 ‘1’crrain
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Note that the mean free path of tlic vchidcs  has a n~inilnuln of 5.6 vchiclc diagonals in VI,1  terrain and at
2.0 vehicle cliagouals in VI.2 terrain, for obstadcs  diamtcrs of 15 cm and 21 cm rcspcctivcly.  ‘1’hc

corresponding vehicle dimcnsi(~lls  arc 28x1 !J cm fur VI,1  ad 53x36 cm for VI .2. These represent (he
“worsl”  sized vchiclcs for these (WU (crrains, in that Lhcy ned the mus(  sOphis(icatc(l  hx/ard  sensing and

av[)i~ancc sys[em  t{) achicvc a givcu lCVC1  of performance than any o[hcf vehicle SCdC Willlill the range
considered. This may bc cmmlcri[ltuilivc,  .since one mighl believe that a larger vchiclc will always be

able to surmount tiggcr  hamds than a smaller one, ,ml so it is nalural 10 bdicvc  that a larger vchiclc is

always bc(mr than a smaller one. l:or the rock distributions seen at the Viking kmliug  sites, this is not so,

since a smaller vchiclc cm fit bctwccn rocks which the krrgcr  vchiclc would have 10 surmmt.  l’hc mean
free pa(h is plolkxl as a function of vchiclc lcng[h fur both VI,1  and VI.2 terrain iu }~igure 2. Note from
‘l’able 1 that the apparent anomaly in the trend of the VI.1 data for large rock cli:unc[crs  is clue to the
cxislcnCC of OU] y a sillglc dala clcmcnl in the VI.1 data for large rocks.

Mean “’l=l%l%l[=r’’~’”:
Free Path

in VL1 Terrain
(in turning circie mka

diameters)

,,
0.01 0.1 1 10

Vehicie Length (m)

100

‘ c a n  H=EH%lI=I
Free Path

in VL2 Terrain
(in turning circie

diameters)

10

,.
0.01 0.1 1 10

Vehicie  Length (M)

I:igurc  2. Mean 1 kcc I’aths  of Sojuurilcr-st  ylc rovers  in VI.1  and VI.2 tmaiu.
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ltffect of Mean Free I’ath on Navigation Sensing anrl Control

“l’he mean free path is a critical dmiga paramelcr  in dcsigniag [he hamd avoidance algorithm. In the
case o! Sojouraer, for example, llic hand avoickmcc algorithm deals cffeclivcly  with isolated hazards, but
handles pairs of clustered hazards oaly ia a rcslrickxl way. (One of the authors [Wilcox] led the activity
to (lcvclop the hmard  avoidaacc algorithms m Sojouracr. Sojourner was dcsigacd to have acceptable
autoarmous  navigalirm  performance ia VI.1 tcrraia  usiag an cxlremcly limitul  $hi( computer aad
rcla[ivcly sparse terrain sensing usiag 5 laser skipc  projcck)rs,  bul is nominally guided via hrrlnan-

dcsignakxl waypoints through hazard fichls.)

Spccitically, CIUC to the limited processing capability of (I1c computer and limited ability of the vchiclc to
scase hazards  at a (lis[anec, Sojouracr has a small rcpcr(oirc of behaviors  to clcal wilh haz,ards.  ‘1’hc
hamrd  detector has a range just adequate to &kcI hazards outside the turning circle of the vehicle. If the
hazard is on the left, the vehicle turas  right. If i( is On the right, it [urns left. ‘1’0 avoid intinile  cycling
should  a new hm,ad enter the licld of view of (I1c ham.d dclcdor,  once the vehicle begins turning to
avoid a hamrcl,  the vehicle cm(iaucs  10 mm ia [hc same direction until a clear path equal to the width of
the vchiclc turaiag  circle is scca by the hazard sensor. If a gap between two hamds is seen which is
wide enough fur [hc vchiclc 10 physically flt bctwcca  but nut big enough 10 accommodate the vchiclc
turning circle, then a special behavior calld “thrml the ncdlc“ is iaslaatiatwl.  This behavior cea(crs the
vchiclc M the pcrpcaclicular biscclor  of [he gap, aad (Iim moves the vdiclc i[tlo the gap in a straight liac,
Iookiag with the hazard scasor uatil it linds aa area large caough tu acconmodalc  the vdiclc turniag
circle. If such an area is locatd before a new hazard which blocks the physical width of the vchic]c  is
dctcclcd, thca the vehicle forgcls its prior smc ad coatinucs navigaliag  toward the goal. If, on (I1c o(her
hand, some obstacle blocks the vchiclc across ils physica[ width, then the vchiclc  backs slraigh( OUI in lhc
dircdioa  it has cmc and as far as it has come since the “thread the nedc” behavior was instantiated.
Since the vchiclc has no hamrd  dclcclioa scasors on the rear or side of the vehicle, this is consickmxl  a
somewhat daagcrous maneuver. I Iowcvcr,  (IUC tu lhc possibility y of dense hazards at the Path tindm
landing site, it was deemed essential (U have the abili[y 10 deal with both isdakxl  hazards  as WCII  as pairs
of nearby hazards (e.g. those wilhin a vchiclc diagonal of each olhcr).

Note that this behavior ctocs nut deal cflectivcty with triples of nearby hamds. We call calcula(c for dlc
V1.1 and V1.2 sites the probability of cncoua(cring  hazard  pairs, triples, or of beil]g blocked complclc]y.
1x3 us examine the case of pairs of hazards shmm ia 1 ‘igurc  3. I Icrc (I]c vchiclc has cacouatcrcd  a first
obslaclc (with the sam convcntioas used in l:igurc 1), and withoul loss of generality (due to mirror
symmetry) has nlancuvmxt  un[il ii’s lcfl front coracr is adjaccnl K) the hand. Andwr  haii.ard will
induce the thrca(l-the-needle bcllavior if it Iics far ctiough from [tic first hazard that the vehicle will fit
bc(wecn (hcm but close enough 10 lhc first hazard that (11c vchiclc turning circle cannot fit be[wccn them.
So in this case wc must compute the probability that another haii.ard lies in (1IC  annulus with inner radius

Q-
W+l~ ald with oulcr radius lJ + 4LL + W’ . Siacc by assumption the vchiclc is passiag  with the first
hazard m the lcf( of the vchiclc, wc can assume it has mad somewhat to the right and hence that the
goal dircclion is somewhat tu the Icft. Thus the catirc  quatlcr-aaaulus  shows in !igurc 3 must be
considered as a mac itt which a hazard  of cliamclcr 11 will ilducc lhc ti~rc:i(l-tl~c-:lcccllc behavior.

‘ w

I:igure 3. Ckmtitioas for “1’l)rc:ld-tllc-Ncc~llc behavior (U bc triggered, showing the two limiting cases.



We cm compute the probability that my camtatcr wi(h a hamd will (rigger the thread-lhc-nccdlc
hchavior based on (he VI.1 and VI.2 rod dis(rihut  ions gives ia ‘J’able 1. l:urthcrmorc,  wc caa cmnprlc
the likelihood that a thread-tbc-nccdlc behavior will tw successful, or that it will bc blocked by a (hid
hazard. Specifically, the probability y distribut ioa of the number of rwks  iu the quarter allnulus ia 1 ~igurc 3
is a Poisson (listrihutioa with cxpcctatioa  ~ where

4 = @)+ JniF)’ +- (w + D)z )p(l))fm
1)0

which caa bc compukxl  numerically iu the smc f:lshioa as in Table 1, aad the fractioa of haT.ards

cacmmcrcd  w h i c h  will iavokc the tllrca(l-ttlc-rtccdlc  bchavit~r wilJ W ~ – e-4 (~hal is, ~Ilc Inillus  the
probability that (I1c PoissoJI dislributioa  gives no haTar(ls  ia the quarter aamrlus). Wc caa further
cdcdatc  the frac(icm of thread-lhc-ncccllc  atlcmpts which will bc successful (i.e. not bc Mocked by ycl a
third obs(aclc).  This situatioa is showu iu l:igurc  4. ‘l’he vchiclc is moviag along lhc pcrpcudicular
biscclor bctwccu the two iailial lmards  as ia 17igurc 3. A third hazard must not bc so close [hat the
vchiclc canaot  tura ia place ia the space bctwcm the IImc hazards. Wilh Ihc simple hamrd  avoiclaacc
systcm on Sojoumcr this mcaas that lhcrc must bc no h:ward ccatcr  ia a rcctaaglc  of widlh W+l)  ad
length 1.+D/2. ‘1’his mcaas  that the probability y distribu(ioa of the numhcr of rocks iu the rcctaaglc  iu
Figure 4 is a l’oissoa distribu[ioa with cxpccta(i(m  ?Ll where

Oace agaia this is computed numcrical]y ia the same fashioa as ia ‘1’able 1, aad the fraction of’ thrcad-thc-
-&needle behaviors which arc successful is e .

I:igurc  4. Qmditioas  for Thread-the-Nccdlc behavior to bc successful, where (IIC  third hamrd must bc
ccatcrd oulsidc lIIc dotted rcctaagle.

I“hc probability Ihat a lm:ird cacouatcrcd  by the rover will (rigger the thread-the-ncdc behavior is
plottccl as a fuuctiou of mcaa free path ia l:igurc 5. Also plotted is the probability that the thrcarl-thc-
mmllc  bcllavior will bc successful (i.e. not blocked by a third haii.ad). NO(C that (IIC probability of a
thread-the-ncdc behavior bccomcs  high aad the probability of success bcmmcs low when (he mcaa lrcc
path is much krwcr (baa abou( twice the vchiclc turning diameter.
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l~igurc 5. l’robability  of ‘1’tlrc:t(l-tllc-Ncc~llc hchaviors (lower curve) :ud (Ilcir

rcspcctivc likclihod 01 success (upper curve) in VI,1 and VI,2 kmaia.

I)iscussion  and Conclusions

As wc have sect), the mcaa free pa(h fc}r ruvcr vchiclcs  ia (I1c rock distributions of the VI.] aad VI,2 sites
has a miaimum,  and becomes larger for vchiclc scales both larger and smalkx than ahoul 30-50 cm long.
Sojourmcr  was made as sm:dl as possihlc  (0 limit the mass :ml  cost of the mission , aad withia that scale to
be able to surmouat the largest h:wards  possible. Analysis using the Moore power-law fit to the dala
supporkxl the view (hat the mobility of vchiclcs  always iacrcxcd  with increasing vehicle sire. NOIC that
wc would CXPCC( that Sojuuracr (65 cm long) will aced a tllrc:id-tl~c-t~ cc~llc behavior fur about 20-25% of
the hazards ia VI.1 (crraia and 65% of the hamrds  iu VI,2 tcrraia. Wc cslima(c that such behaviors will
be successful abou[ !)0% of the time iu VI.1 [mail)  but oaly 6S% of the time iil VI.2 tcrraia.  (By
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“successful” wc mean that the mvcr is nol blocked by a third hazard; if the behavior is unsuccessful, using
the Sojourner algorithm, it backs ou[ and scarchcs for anolhcr traversable path. Backing out is not a
prcfcrrcd activity on Sojourmr  since thm are no h:mrd avoidance sensors on the rear of the vchiclc.)

‘1’wo  research tasks at .111.  address cxlcnding the scale of planetary rovers away from  that of Sojourucr.
Onc, the Nanorovcr  technology task [7], has built a vehicle with an overall dimension of less than 15 cm
(l:igure 6). (Jsing the data fmn l:igurc 2, we can scc Illat the mean free path for tliis vchiclc (which is
cxpcctcd  to have about the same mobili(y  for its size as Sojourner despite haviug only four wheels clue (o a
Novel actively-articulated suspension) is about 8 turnitig diameters in VI,1 terrain and 4 diameters in VI.2
terrain. This is cotnpmblc m the corresponding valLJc  for Sojourner in W,1 Icrrain , al)d distinctly lmtcr
in VI.2 terrain (where Sojourner only has a mcau free path of 2-2.5 tumiug di:imcters).  ‘1’he effect on the
ncccl for advanced hamrd  sensing and conlrd  can bc sum in ]:igurc  5, where wc see that the Nmrmvcr
will need a Ihrcad-lhc-nccdlc behavior fur about 32% of the h:mrds in W-l  terrain but only 57% of the
hazards in VI.2 terrain, and Ihcy will be successful 85% of the lime in W-l  terrain and 72% in VI.2
terrain. ‘1’hus the Nanomvcr would be cxpcclcd  [o navigate almost as well as Sojourucr  in VI.1 rock
fields and bd(cr  than Sojoumcr in VI.2 rock fields. ‘1’his is one inqmlant reason  to rcsc{arch t h e
IIlilli:ituriz.a(i[)ll  of mvcrs; the mobilily pcrl(wlnance  seems to increase below a critical vehicle scale of
about 30 cm. (Of course another impor(ant  reason to Inillial urizc rovers is to reduce the overall cost of the
missions by reducing the total mass scn( to Mars.)

l:igurc 6. Small rover dcvdopd  under Nanorovcr ‘1’cchnology  task.

‘1’hc other research task at JI’I.  which adchwsscs  (IIC  issue of rover motility is the 1 .ightwcigh(  and
Survivable Rover (1 .S1<) task [8]. ‘his task has buil[ a rover with collapsible 20 CIJ1 diameter wheels
which has aJl overall length of 1 meter. I:rom I:igurc  5 we scc that such a mvcr should have much better
performance than the Nanorovcr  in VI,1 rod liclds, but only abou[  [he same performance as the
Nanomvcr in VI,2 rock ticlds. ‘1’his surprising rcsul[ agaiu is duc to the ability of (tic Nanorovcr  to tit
bctwccn the rocks in VI,2 terrain which the larger rover must surmount.

If the Iiklihood of tllrc:td-tllc-jlcc(llc  behaviors can bc kept low ad (heir likelihood of success kept high,
the hazard avoidance system for the rover can bc kept rather simple. l:or example, tllc benefits which
would bc derived from having an clabmtc planning algorilhn] or for a long-range hamrd  mapping
capability will bc minimal. ‘1’his is particularly importanl for nanorovcrs,  since the convcn(ional  wisdom
would be that the sensing and planning needs of smaller mvcrs would be greater than those for large
rovers even while the difficulty of fitting nmrc advancccl sensors and computing il~to smaller packages
grows. Instead, wc conclude from l:igurc 5 that n:ulorovcrs  can successfully navigalc (he rock fields seen
at VI,1 and VI.2 with simple “isolated hamrd” sensing and control if they arc made small enough.
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Note that this analysis considers only rock-type hw.ards,  and ignores other potcnti:d hamrds  such as dust
pits. Regions which appcard to be dust were seen al both Vikiug landing sites, and these Inay have been
deep enough to engulf  small or even large vehicles. No data was mlurncd from Viking about the
distribution of the depth of dust seen in these dritis, although il may be that further data on this type of
haii.,ard  could radically change the conclusions concming  the usability of very small vchiclcs on the
surface of Mars. Both Viking kudcrs  did dig with robotic SC(K)PS  into the nearby rcgolith; the local dust
drifts had cohesion of somewhat more than 1 kl’:i [9]. ‘1’his near the lower limit (being about 0.15 psi) of
what is plausible to support larger mvcrs but it is quite feasible to design nanorovcrs 10 this low ground
pressure due to the advantageous surface-to-volume ratio at small scales. If dust pits of suflicicn!  depth to
engulf small vchiclcs arc very common  on Mars, but they infrequently get deep enough  to engulf larger
vehicles, then it may be that an overall pcrf(mumcc  metric for vchiclcs is monotonic with scale. On the
other hand it may be that nanorovcrs can be clcsignccl to go over the hirgc drift areas seen in the Viking
images (especially at the VI.1 site), which would be a Ircmcmlous  barrier to the larger vchidcs.  Thus the
conclusion as to the cftkd  of dust on mvcr mobility and its implications on mvcr scale Inusl await some
physical mcasurcmcnt  of the depth distributions of dust drifts, of which Sojourner will make OIily  limited
attempts in cmsidcratim for its own safely.

‘1’hc research dcscribd in this publication was carried OUI by the Jet I’repulsion 1.aborat  ory, CXifornia
Institute of “~echnology,  under contract with the National Acmnautics  and Space Ad[l~il~istr:ttioll.
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